We report the spin injection and transport in ferromagnet/organic semiconductor/ferromagnet ͑FM/OSC/FM͒ heterojunctions using rubrene ͑C 42 H 28 ͒ as an organic semiconductor spacer. For completeness of our study, both tunneling magnetoresistance ͑TMR͒ and giant magnetoresistance ͑GMR͒ were studied by varying the thickness of the rubrene layer ͑5-30 nm͒. A thorough study of the device characteristics reveals spin-polarized carrier injection into and subsequent transport through the OSC layer. When the thickness of the rubrene layers are beyond the tunneling limit, the device currents are limited by carrier injection and bulk transport. The carrier injection is well described with phonon-assisted field emission. The behavior of GMR in response to bias field and temperature shows significant differences from that of TMR.
I. INTRODUCTION
The study of spin injection, transport, and dynamics in semiconductors, known as "spintronics,"
1 has received growing attention over the last decade. Observation of magnetoresistance ͑MR͒ in magnetic trilayers is a common approach to study spin injection and transport. Here, the magnetic trilayer is comprised of soft and hard magnets separated by a nonmagnetic spacer to allow parallel ͑on͒ and antiparallel ͑off͒ alignments of the magnetic layers. Then, MR, defined as MR͑%͒ = 100ϫ ͑R AP − R P ͒ / R P , relies on spin-dependent scattering at the interfaces and spin-polarized carrier transport in the spacer.
The spintronic applications of organic semiconductors ͑OSCs͒ were motivated by long spin lifetime in OSCs due to low spin-orbit coupling and weak hyperfine interaction. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] The early report of spin valve effects utilizing a thick layer ͑Ͼ100 nm͒ of tris͑8-hydroxyquinolinato͒aluminum ͑Alq 3 ͒ as a spacer in vertical devices 3 has brought considerable attention to organic semiconductor spintronics. But, low device resistance, weak temperature ͑T͒ dependence of I-V curves, and low-bias ͑V b ͒ MR have brought critiques [9] [10] [11] arguing that the reported MR ͑Ref. 3͒ originates from tunneling magnetoresistance ͑TMR͒ in locally thin areas of the OSC layer 9, 10 as shown for the magnetic tunnel junction using thin layers of Alq 3 and rubrene ͑C 42 H 28 ͒. 7, 8 In this paper, we use the term giant magnetoresistance ͑GMR͒ referring to magnetoresistance induced by the injection and transport of spin-polarized carriers through the nonmagnetic spacers instead of tunneling through thin insulating barriers.
Organic semiconductors typically have an energy gap of more than 2 eV ͑e.g., rubrene ϳ2.3 eV; Alq 3 ϳ2.8 eV͒ between highest occupied molecular orbital ͑HOMO͒ and lowest unoccupied molecular orbital ͑LUMO͒ levels. Thus, these materials are closer to insulators than to conventional inorganic semiconductors. The charge transport in the HOMO/ LUMO levels is provided by phonon-assisted hopping as the orbital overlap between the adjacent molecules is small and driven by the strong electric field in the organic electronic devices. In accordance with the previous criticisms [9] [10] [11] concerning the observation of GMR, the amorphous OSC film spaced spin valve devices should have ͑a͒ extremely high junction resistance at low bias ͑ϳ several mV͒ and low T due to large energy gap, ͑b͒ strong T-dependent junction resistance due to activated carrier injection at the interface and activated carrier transport in the bulk, and ͑c͒ strong nonlinear I-V curves with substantial T dependence due to carrier injection and space charge effect. Recent studies of the spin diffusion in OSC layers using muon spin rotation 14 and photoemission 15 techniques demonstrated spin injection into an OSC layers. However, the estimated effective spin diffusion length in OSC layers is much shorter ͑ s ϳ 10 nm͒ ͑Refs. 14 and 15͒ in comparison to the previous reports 2,3,13 of the MR using "ϳ100 nm" of amorphous OSC spacers. In short, the observation of GMR is still controversial and the understanding of spin injection and transport in OSC layer is still lacking due to lack of comprehensive device characteristic study. 18 In this paper, we present the underlying nature of how carriers are mediated through the OSC films depending on bias, temperature, and OSC film thickness and show clear distinction between TMR and GMR and provide direct evidence of electrical spin injection and detection in OSC-spaced spin valve devices.
Though the OSC materials hold promise for their long spin lifetimes, injection and transport of spin-polarized carriers in OSC films meet significant obstacles. There are typically large band offsets between the Fermi level of typical ferromagnetic metals and the HOMO and LUMO levels of the OSCs. The dipolar barrier at the metal/OSC interface creates defect states and may interfere with spin-polarized carrier injection. 7 Even when the efficient spin injection into the HOMO/LUMO levels of an OSC is achieved, hopping transport in amorphous small molecule films associated with phonon interaction may undermine efficient spin transport, especially at high T. Finally, there is a conductivity mismatch issue in applying highly resistive materials as the spin transporting spacer. 19, 20 However, the flexibility of organic chemistry has potential for significant improvement of efficient spin injection and transport in organic semiconductors. Despite the available wide range of materials and novel pro-cessing techniques applied in other organic electronics research, the spintronic applications of OSC materials have been focused on exploiting amorphous small molecule films indicating that the research in this field is still in its infancy. The evolution of this field will rely on developing desirable materials and processing techniques for the improvement of interfacial quality and efficient spin diffusion in organic spacers.
In this work, we fabricated spin valve structures ͓Fig. 1͑a͔͒ using La 2/3 Sr 1/3 MnO 3 ͑LSMO͒ and Fe as an anode and a cathode, respectively, and rubrene as the OSC spacer. To improve interfacial quality between the LSMO and rubrene, we applied a thin layer ͑1.2 nm͒ of LaAlO 3 ͑LAO͒. The observed TMR in magnetic tunnel junction using a thin rubrene layer ͑5 nm͒ displays spin-conserved tunneling through the hybrid barrier ͓LAO͑1.2 nm͒/rubrene͑5 nm͔͒, as reported by Shim et al. 8 The T-and V b -dependent behavior of TMR in our devices is similar to the previously reported GMR behavior in organic-based spin valves using LSMO, 3, 13 in agreement with a early suggestion by Xu et al. 9 As the thickness of the rubrene layer increases, devices are limited by carrier injection and transport. For intermediate thickness ͑d ϳ 20 nm͒, the carrier injection described by thermionic field emission controls the device current. Applying high bias is needed to have viable device current as well as to observe MR. The observed GMR for the devices with intermediate thickness of rubrene layer shows spin-polarized carrier injection into, and subsequent transport through the rubrene layer. The responses of GMR in our devices to bias field and T show clear differences from that of TMR through the thin hybrid ͑oxide/OSC͒ layer. This paper is organized as follows. In the following Sec. II, we present our device fabrication procedure. We then provide background for tunneling vs carrier injection and transport in organic spin valves. The variation in MR in thin hybrid barrier device in response to temperature and bias field is presented in Sec. IV. In Sec. V, we display T-and V b -dependent characteristics in our thick rubrene spaced devices. We analyze these experimental results in terms of phonon-assisted field emission. We then present the temperature and bias field dependences of MRs in our thick rubrene spaced devices in Sec. VI. Finally, Sec. VII is for the summary and conclusions. Figure 1͑a͒ shows a schematic view of our device structure and illustrates the layer deposition steps. The epitaxial 50 nm of LSMO on lattice matching ͑001͒ ͑LaAlO 3 ͒ 0.3 ͑Sr 2 AlTaO 6 ͒ 0.7 ͑LSAT͒ substrate was grown by pulsed laser deposition and capped with three unit cells of epitaxial LAO ͑1.2 nm͒. The purposes of using the thin LAO capping layer are ͑a͒ to improve metal/OSC interface by preventing chemical reaction between small molecule and metal at the interface, 7, 8 ͑b͒ to promote efficient spin-polarized carrier emission at the interface, 21 and ͑c͒ to provide superior protection of LSMO surface polarization than SrTiO 3 does. 22 30 nm of Fe was used for the second ferromagnet and deposited by e-beam. The junction area is 0.2ϫ 0.2 mm 2 , which is enclosed by 300-nm-thick SiO 2 layer deposited by e-beam using a shadow mask ͓Fig. 1͑a͔͒. The purpose of SiO 2 layer is to cover the edges of the junction area. The LSMO electrode is already 50 nm thick making it difficult to achieve a well-defined junction area for thin rubrene layered devices.
II. DEVICE FABRICATION
The sublimed grade rubrene ͑Aldrich͒ was used for OSC films. The rubrene layers were deposited with controlled source temperature ͑ϳ105°C͒ with a deposition rate of ϳ2.5 nm/ min at base pressures ϳ10 −7 mbar. Figure 1͑c͒ shows atomic force microscopy images of 20 nm rubrene layers deposited on ͑001͒ LAO surface. The typical rms roughness of rubrene films were around 1 nm. The thickness of the rubrene layers was determined by a quartz crystal monitor and verified with a Dektak profilometer. We studied both the TMR and GMR with varying thickness of the rubrene layer from tunneling limit ͑d ϳ 5 nm͒ to carrier injection and transport limit ͑d Ն 20 nm͒. Though our thermally deposited rubrene layer displays relatively homogeneous surface morphology, its typical rms roughness of 1 nm suggests that the actual charge transport distance of a rubrene layer would be slightly shorter than the determined film thickness. Also, roughness of our rubrene layer suggests possible presence of pinhole channels for 5 nm rubrene layers and prevents us from performing precise study on the nm scale thickness dependence of the tunneling current.
III. TUNNELING VS CARRIER INJECTION AND TRANSPORT
Figure 2 displays a schematic view of tunneling vs carrier injection for OSC-spaced magnetic heterojunction devices. We describe the device current as a sum of two distinct pathways, one is tunneling through the optical gap and the other is carrier injection and transport through the HOMO and/or LUMO levels. The elastic tunneling through the barrier is generally considered to be limited to 2-3 nm of the insulator. 24 Here, we refer the tunneling through the OSC layer for both the direct tunneling through the OSC layer and the multistep tunneling through the defect states in the energy gap of the OSC materials. At low bias ͑ϳ several mV͒, the tunneling current through the defect states in the optical gap serves as a main channel of device current. These defect states are rare and do not provide continuous charge transport pathway. Carriers in these defect states can be elevated via strong electric field and/or thermionic emission to the more dense HOMO/LUMO levels, where electron/holes can more easily hop among energy levels of adjacent molecules.
At low bias and low T, tunneling current diminishes as the thickness of the rubrene layer is increased.
With increasing thickness of the rubrene layer, the device current will be controlled by the carrier injection and transport into/in the OSC layer. Figure 2͑b͒ shows schematic description of carrier injection into either HOMO or LUMO levels of OSC layer by applying high bias. Injection into HOMO/LUMO can be mediated by phonons, especially at high temperatures. This thermionic emission decreases as the temperature is lowered. At very low T, field emission dominates the device currents. The thermionic field emission at the interfaces, together with phonon-assisted hopping in HOMO/LUMO levels will introduce strong T-dependent device current reflecting thermal activation. Figure 3͑a͒ displays I-V characteristics of LSMO/LAO/ rubrene/Fe devices with 5-, 20-, 30-, and 50-nm-thick rubrene layers showing strong nonlinearity at 10 K. As the thickness of rubrene layer is increased, the device currents are strongly limited by injection. The dc device resistance, which is determined by linear fit at low bias region ͑typically up to 10 mV͒ is very high for devices with thick rubrene layers ͑d Ն 20 nm͒. When the thickness of the rubrene layer beyond the tunneling limit, the device currents are supplied by thermionic emission at high T with subsequent phononassisted hopping in the HOMO/LUMO levels and exponentially decreases as T is lowered ͓Fig. 3͑b͔͒. Finally, at low T, only tunneling through rare defect states accounts for the device current and is nearly negligible for the thick OSCspaced spin valves. Typical device resistances at low bias for device with d Ն 50 nm thick rubrene layer exceed instrumental limits ͑ϳG⍀͒ below 100 K. This is in contrast to previously reported low-resistance MR at low bias and low T in organic-based spin valve using thick OSC layers ͑ϳ100 nm͒. Our study suggests that one has to be careful in assessing determined fundamental properties, such as spinrelaxation time and diffusion length derived from low-bias ͑ϳ several mV͒ measurements with thick OSC layers. 3, 6 Figure 3͑c͒ shows T-dependent resistance for 5, 20, and 50 nm rubrene layer device and LSMO electrode. For a thin rubrene layer, the sufficient current is supported by tunneling through defect states over all T. Since LSMO film also has strong T dependence, it is not plausible to interpret T-dependent device current for thin rubrene layered devices ͑d =5 nm͒. However, one can still deduce that the effective junction resistance for 5 nm device increases by approximately twofold as T is lowered from 300 to 10 K by subtracting the resistance of LSMO electrode. This T-dependent change in device resistance for our hybrid barrier ͓LAO͑1.2 nm͒/rubrene͑5 nm͔͒ is similar to the previous report for the hybrid barrier of Al 2 O 3 ͑0.5 nm͒ / rubrene͑5-6 nm͒. 8 This suggests tunneling through the hybrid barrier ͑LAO/rubrene͒ largely accounts for the 5 nm rubrene device currents, although currents through pinhole channels likely contribute to the total device currents. Also, using a double barrier ͑LAO and rubrene͒ alleviates the effect of pinholes in our thin ͑5 nm͒ OSC-spaced devices.
As the thickness of rubrene layer increases beyond the tunneling limit, carrier injection by thermionic and/or bias field emission and subsequent field-driven transport in the OSC layer control device currents. The device current for When the thickness of rubrene layers is relatively thin, device currents at low bias are provided by tunneling through the defect states in the energy gap. ⌬E 1 and ⌬E 2 describe the modification of level alignment at the metal/OSC interfaces due to dipolar barriers ͑Ref. 23͒. ͑b͒ The schematic view of device operation at high bias. The thermionic field emission at the metal/OSC interface controls the carrier injection into either HOMO/LUMO levels of OSC layers.
thick OSC layers is strongly T dependent reflecting activation processes and shows clear distinction from that of thin rubrene layered devices ͓Fig. 3͑c͔͒. Further detailed study on the effect of thermionic field emission will be discussed in the section of phonon-assisted field emission. Figure 4͑a͒ displays I-V and dI / dV curves of a 5 nm rubrene device ͓LSMO͑50 nm͒/LAO͑1.2 nm͒/Rubrene͑5 nm͒/Fe͑30 nm͔͒ at 10 K. The dI / dV was measured by the standard lock-in technique. As discussed in previous literature, 7 the absence of a zero bias dip in the dI / dV curve indicates that hybrid barrier ͑LAO/rubrene͒ forms a welldefined tunneling barrier. Figure 4͑b͒ displays magnetization ͑M͒ vs in-plane magnetic field ͑H͒ at 10 K for individual Fe ͑30 nm͒ and LSMO ͓50 nm on ͑001͒ LSAT͔ films recorded with a superconducting quantum interference device ͑SQUID͒ magnetometer. MR curves of a 5 nm rubrene device for V b = 10 mV and in-plane H at different T ͑10, 50, 100, and 150 K͒ are displayed in Fig. 4͑c͒ . The steps of the MR curves at each T well correspond to the T-dependent in-plane coercivity ͑H c ͒ for Fe and LSMO electrodes, as shown in Fig. 4͑d͒ . The coercivity in Fig. 4͑d͒ is determined from the individual Fe ͑30 nm͒ and LSMO ͑50 nm͒ electrodes using a SQUID magnetometer. The substantial decrease in MR as T is increased ͓see Fig. 6͑d͔͒ is attributed to the T-dependent surface polarization of the LSMO electrode. 25 Similar T dependence of MR was commonly reported for various LSMO-based trilayers 26 as well as organic-based spin valve using LSMO electrodes. 3, 9, 13, 27, 28 The bias dependence of MR curves for a typical 5 nm rubrene device at 10 K is presented in Fig. 4͑e͒ for positive biases and ͑f͒ for negative biases. Our TMR device exhibits positive MR over all biases. The steps of MR curves for all biases show excellent correspondence to the coercivities of Fe ͑30 nm͒ and LSMO ͑50 nm͒ electrodes. The MR vs V b in Fig. 4͑g͒ was determined by the comparison of I-V curves for parallel ͑at H = 500 Oe͒ and antiparallel ͑at H = −150 Oe͒ configurations of magnetic layers. The asymmetric MR for V b is due to different electrodes ͑Fe, LSMO͒ and is similar to previous observations. 3, 9, 27 The MR of our devices is positive over all T and V b in contrast to previous reports, which showed negative MR in organic-based spin valves. 3, 9, 13, 27 The difference between our device and previously reported organic spin valves is that we used Fe instead of Co for the second ferromagnetic layer. Another possible origin of the negative MR in the spin valves 3,9,13,27 is the presence of pinhole channels. The ballistic current through nanoscale metallic contact could induce inversion from positive to negative MR as suggested theoretically 29 and experimentally observed in LSMO-based trilayers.
IV. TUNNELING MAGNETORESISTANCE IN FM/OSC/FM HETEROJUNCTIONS
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V. PHONON-ASSISTED FIELD EMISSION
With increasing thickness of rubrene layer, devices display stronger nonlinear I-V curves and become injection lim- Figures 5͑c͒ and 5͑d͒ show log I vs log V plots for 20 and 50 nm rubrene devices. As the bias field is increased, all curves for different T asymptote to the same slope, which is a typical characteristic for charge injection via field emission at metal/organic interface. Figures 5͑e͒ and 5͑f͒ display T-dependent device resistances for 20 and 50 nm rubrene devices, respectively. The noise at low V b and low T for 50 nm rubrene device is due to our instrumental limit. The substantial increase in device current as T increases over 100 K can be attributed to active thermionic emission at the interface, once the device is limited by injection. A similar T dependence of device conductance was previously reported for an organic spin valve with a thin rubrene layer. 8 The LSMO resistance strongly decreases as T is lowered 2,28 but this resistance can be ignored as it is substantially smaller than the total device resistance for thick rubrene layered devices ͑d Ն 20 nm͒ ͓see Fig. 3͑c͔͒ .
We describe the carrier injection in our spin valve devices with thermionic field emission at the metal/OSC interface as it was discussed in Sec. III. We adopt the theoretical model developed by Kiveris and Pipinys, 31, 32 which accounts for multiphonon activation of electrons together with field emission from defect states at the interfaces to the conduction band for the metal/semiconductor junction. The phononassisted tunneling rate of electrons under the electric field at the metal/semiconductor interface is as follows: 
Here T is the energetic depth of defect states, E = V b / d is the applied electric field, ⌫ 2 =8a͑ប͒ 2 ͑2n +1͒ is the width of the defect states broadened by the optical phonons, n =1/ ͓exp͑ប / k B T͒ −1͔, and a is the electron-phonon coupling constant ͓a = ⌫ Data Fit Data Fit device currents are controlled by the carrier injection. MR of this device relies on the spin-dependent carrier injection at the interface. However, the phonon-assisted tunneling, which becomes effective as T increases over 100 K, would affect on the spin polarization of injected carriers.
Once the carriers are injected into an OSC layer, the mobility of electrons and holes also strongly rely on the applied electric field, for example, ϳ 0 exp ͱ E / E 0 ͑Poole-Frenkel form͒. Therefore, the slight deviation of the fitting at low bias in Fig. 5͑c͒ likely originates from the bulk resistance of OSC, which becomes larger as T is lowered. As the thickness of the rubrene layer is increased further, the carrier transport in the bulk controls the device current. A larger deviation for our fitting to 50 nm rubrene device currents can be observed at low bias and low T as shown in Figs. 5͑d͒ and 5͑f͒. Fitting for 50 nm rubrene device was performed with the same fixed parameters of a = 1.4, ប = 0.034 eV, m ‫ء‬ = 1.2m e and a slight adjustment of T = 0.67Ϯ 0.01 eV for each plot. Unlike interfacial barrier resistance, which nearly saturates below 100 K for the relatively high bias, the phonon-assisted hopping conductance in the OSC layer continues to decrease to low T following an exponential T dependence. This introduces a strong deviation of our fit to temperature-dependent device resistance for 50 nm rubrene layer as shown in Fig. 5͑f͒ for T Ͻ 100 K. In sum, for the thicker rubrene layer device ͑d Ն 50 nm͒, higher bias needs to be applied for efficient field emission as well as for supporting drift current ͑space-charge-limited regime, I ϰ V 2 / d 3 ͒. Hopping transport over long distances and dephasing of charge-carrier spins in the bulk reduces the spin polarization of carriers.
VI. GIANT MAGNETORESISTANCE IN FM/OSC/FM HETEROJUNCTIONS
Figure 6͑a͒ displays MR curves for different V b at 10 K for 20 nm rubrene device, which was presented in Fig. 5 . Resistance of 20 nm rubrene devices at low-bias and low T is extremely high due to negligible carrier injection, which is in contrast to previously reported low-bias and low-resistance GMR results at low T for thick layer of OSC spacer. 3, 6 For the 20 nm rubrene device, clear positive MR signals were detected from 200 mV of V b . An increase in MR was observed up to 600 mV, then MR decreased as V b increased further ͓Fig. 6͑b͔͒. For the 30 nm rubrene device, MR was detectable when the V b was increased up to 500 mV then became negligible when V b increased to 1 V ͓Fig. 6͑b͔͒. No MR was observed for 40 and 50 nm rubrene devices over all T and V b ͑up to several V͒. We propose the absence of MR for thick rubrene layers is because the channel distance is longer than the spin-diffusion length ͑ s ͒ in amorphous rubrene layer, as viable device current is still measurable as long as high bias is applied.
MR curves of 20 nm rubrene device for different T at V b = 1 V are presented in Fig. 6͑c͒ . The steps of MR curves at different T well correspond to the H c of Fe and LSMO as presented in Fig. 4͑d͒ . This excludes the possibility that the magnetoresistance in our device is induced by ferromagnetic Fe cluster embedded in OSC layer as proposed by Vinzelberg et al. 11 The T dependence of MR for 20 and 30 nm rubrene devices are presented in Fig. 6͑d͒ and compared with T dependence of TMR for 5 nm rubene device. No clear MR was observed above 150 K for the 20 nm rubrene device. Rapid drop in MR as T is increased above 100 K for the 20 nm rubrene device can be associated with the thermionic emission at the interface of the device. For the 30 nm rubrene device, the MR disappears above 75 K. The absence of MR for thicker rubrene devices ͑d Ͼ 30 nm͒ could be attributed to hopping transport and thermionic emission, especially at high T.
VII. SUMMARY AND CONCLUSIONS
In summary, we presented both TMR and GMR with an OSC spacer and their very different behaviors in response to V b and T. For thick layer of rubrene spacer, the devices are limited by carrier injection and transport. For the intermediate thickness ͑d ϳ 20 nm͒, the carrier injection controls the device current. The GMR for intermediate thickness shows strong V b and T dependence as a result of the activation processes of carrier injection and transport in amorphous OSC layer, in contrast to previous reports 3, 13 and recent theoretical study. 33 For a thicker OSC layer ͑d Ͼ 30 nm͒, bulk transport starts to dominate the device current requiring higher bias for viable device current ͑space-charge-limited regime͒.
In conclusion, the V b and T dependencies of our devices confirm valid GMR effects via injection and transport of spin-polarized carriers through the OSC spacer. We explained the carrier injection and transport into/in OSC and their impact on the GMR in OSC-based spin valves in terms of phonon-assisted tunneling and hopping in the presence of strong electric field. Observation of the spin precession will provide further proof for the spin transport in the OSC layers, which may require substantial improvement of material's mobility and interfacial quality.
